Intermittent irradiation often has been used as a technique for evaluating the nature of the non-photochemical reactions associated with and limiting the rate of photochemical reactions. Several investigators (1, 4, 5, 6) have used intermittently applied radiant energy in studying photoperiodism, but the irradiances used have been far above the point of saturation of the photochemical reaction and little attempt has been made to control the energy relationships per cycle. These high irradiances and unbalanced energies have made it difficult to interpret the results in terms of the interrelationships between the photochemical and the non-photochemical reactions.
Introduction
Intermittent irradiation often has been used as a technique for evaluating the nature of the non-photochemical reactions associated with and limiting the rate of photochemical reactions. Several investigators (1, 4, 5, 6) have used intermittently applied radiant energy in studying photoperiodism, but the irradiances used have been far above the point of saturation of the photochemical reaction and little attempt has been made to control the energy relationships per cycle. These high irradiances and unbalanced energies have made it difficult to interpret the results in terms of the interrelationships between the photochemical and the non-photochemical reactions.
This report deals with several series of experiments which were started in the winter of 1938 with the view of determining, by the use of intermittent irradiation, the general interrelationships between the photochemical and non-photochemical reactions associated with photoperiodism. In order to observe quantitatively the influence of the length of the dark period in relation to the effectiveness of the radiant energy in promoting photoperiodic reactions, two conditions were maintained. First, the total energy applied in comparable series was of constant value; and secondly, the energy for the most effective treatment of the series was below the region where photochemical saturation begins. These conditions were used, except in the preliminary experiments where an endeavor was being made to find where saturation of the photochemical reaction begins as measured by phasic responses. Saturation of the photochemical reaction responsible for long photoperiod responses may be said to have occurred at that irradiance beyond which further increases fail to cause comparable increases in photoperiodic effect, i.e. vegetativeness in short-day plants or flowering in long-day plants. Below the region of saturation, the photoperiodic effect is approximately proportional to the irradiance (7) . To date the only measure that we have of the photochemical reaction is the phasic response of the apical meristem and, to some extent, height responses. This is an indirect and unsatisfactory method, but will have to serve until more is known of the photochemical reaction.
General procedure
The plants were grown in a greenhouse in a subirrigated bed of gravel and were supplied at regular intervals with a double concentration of the Purdue F-modified nutrient solution (8), with the pH kept between 5.5 and 6.5. The supply of iuutrients and water was a constant factor, regardless of rate of growth or irradiation treatment.
The solar irradiation period was limited to nine hours bv pulling a heavy rubberized curtain, black on the inside and aluminum coated on the outside, over the plants and radiation equipment at 4: 30 P.M. and removing it at 7: 30 A.M. The bed was divided into sections, 40 by 54 inehes, for the individual treatments. The sections were isolated from one another by opaque black rubberized cloth on rollers. These were mounted across the bed and were rolled and unrolled at the time the large curtain was pulled. Each section was irradiated by four tungsten-filament, internal-reflector lamps placed four feet above the oravel surface. The irradianee over each section at 10 cm. above the gravel suirface v-aried plus or minus 5 to 7 per cent. from the values given in the tables.
The The night temperature was about 550 F. for the first and second preliminary experiments. China aster is temperature-sensitive in its flowering response, but it is a long-day plant at the temperatures used (2, 3).
Observations were made at intervals of from one to four days for macroscopic flower buds in all of these studies. The time given in the tables for flowering is, in most cases, that time at which over 90 per cent. of all the plants in the treatment had shown macroscopic flower buds. In cases where macroscopic buds failed to develop, micro-dissection methods were employed.
The results given in table I indicate that 9000 fem, applied as either continuous or intermittent radiant energy on a 30-minute cycle, was well in the region of saturation for the plants used. Nine hundred fem produced saturation for continuous irradiation, but the intermittent application of the same total energy indicated that the efficiency was less and that this value of energy was approaching saturation for spinach and Mukden soy-bean. Ninety fem intermittent radiant energy was below saturation for spinach and soybean, although aster formed flower buds.
On the basis of these results, a series of irradiances of intermittent radiant energy was used, including 2, 4, 8, 16 , 32, and 64 fe on a 30-minute cycle, in which the irradiation period was 10 per cent. of the cycle or 3 minutes. These were compared with a 0.4 fc continuous treatment which had the same fem value as the 4 measure of the photochemical reaction, it appeared that saturation had been reached for all of the long-day plants at 16 fe intermittent irradiation, which corresponds to 1.6 fe continuous or 1440 fem. The reaction for aster began to saturate at about 4 fc intermittent, and for spinach at 8 fc. All of th:e values of irradiance used were sufficiently high to completely inhibit flowering of both Xanthium and soybean, the two short-day plants. Similar saturation curves were obtained when the height data were plotted as is shown in figure 2 . With the exception of dill, saturation in height had occurred for the plants at 16 fe of intermittent irradiation. Dill required about 32 fc for saturation.
In the third preliminary experiment, Nobel spinach and Biloxi soybean were used. Radiant energy was applied so as to produce two relative energy levels of 90 and 900 fem. Each of these energy levels was applied as follows: (1) irradiation, that intermittent radiant energy was less efficient than the same total energy applied continuously, and that the effieieney decreased as the length of the dark period was increased.
Final experiments
The final experimentation was confinied to Nobel spinach and Biloxi soybean. In each experiment, the intermittent treatments and one continuous irradiation treatment involved approximately the same total relative energy in fem. One continuous treatment with half this energy was included in each experiment so as to determine approximatelv that length of dark period at which the efficieney of the radiant energy was 50 per cent. of the efficiency of the conatinuous radiant energy. The intermittent treatments involved the application of radiant energy on cycles of 3.3, 10, 30, 90, 180, and 270 minutes. The control treatment consisted of a 15-hour (900-minute) dark period. The intermittent radiant energy was applied in two ways: (1) a constant length of irradiation period of 10 seconds for each cycle, with the irradiance increasing in direct proportion to the length of the cycle so that the same total relative energy was applied in all treatments; and (2) a constant irradiance for each treatment, with the length of the irradiation period increased in direct proportion to the length of the cycle and amounting to five per cent. of the cycle. These two types of cycle were included in order to make certain that the results secured were due to variations in the length of the intervening dark period and not to the method of application of the radiant energy. longer than 90 minutes, it was necessary to use micro-dissection methods to secure final flowering data as no flower stalks were formed. With these long periods, not only was flowering greatly delayed, but flower bud initiation failed to occur in a large proportion of the plants.
In the second series of experiments, Biloxi soybean as well as spinach was used, and it was necessary to use lower values of total energy since, in Biloxi soybean, the photoperiodic mechanism is saturated at a lower irradiance than in spinach. The radiant energy was applied at a constant irradiance of 4 It should be noted that direct comparisons of data cannot be made between the various series of the preliminary and final experiments since they were conducted at different seasons of the year and different lots of seed were tised during the four-year period of experimentationi.
Discussion
The interpretationi of these results with intermuittently applied radiant energy is especially difficult because no direct miethod of measuring the rate of the photochemical reaction taking place in the leaves is available. The reaction was miieasured indirectly, in most cases by observing the responses of the apical meristems in terms of the time required for vegetative meristemiis to form flower buds. Considering that the leaf is spatially removed from the bud bv the petiole and a length of stem, it is obvious that the method of measuring the photochemical reaction is very indirect and the results cannot be interpreted with certaintv as due to factors limiting directly the rate of the photocheiical reaction. It is quite coniceivable that the limiting factors mnay be concerned with limitations in the rate of transport of the stimulus to the bud, to loss in stiniulus as a result of secondary reactions, or to the incapacity of the meristem to respond to stimuli above a very low intensity. For reasons which will appear later, the following discussion is based on the assumption that the limitations are concerned primarily with the photochemical reaction.
The responses secured with intermittent irradiation may be explained oni the theory that: (1) the substance which is photoactivated is formed by noii-photochemical reactions at a relatively slow rate; and (2) that this substance attains a very low equilibriunm concentration in darkness. The assumiption that the rate of the non-photochemical reaction is slow is based Uponi the irradiance data which indicates that saturation of the long-day responises occurs at very low irradiances. For the plants used, the rate of formation of the substance to be photoactivated appears to limit the rate of the photochemical reactioni at irradiances much above 1 fc of continuous irradiation, and these low irradiaiices appear sufficient to photoactivate the substance as fast as it is formed. Increases in irradiance, therefore, do not result in proportionate increases in photoactivation.
Since the efficiency of the radiant energy in producing long-day reactions is decreased as the length of the dark period is increased, it appears that the products of the associated non-photochemical reactions are not cumulative beyond a certain low equilibrium concentration. If during a long dark period the substance could accumulate at an approximately constant rate in the leaf, the same quantity of photochemical product could conceivably be obtained within a few minutes at the beginning of a period of high solar irradiance, regardless of the length of the intervening dark period in the 24-hour cycles used in these experiments. Since this is not so, it would appear that a low equilibrium concentration is reached, beyond which no further increase can take place. The equilibrium concentration probably is nearly reached in a dark period of from 90 to 180 minutes for Nobel spinach and Biloxi soybean. This conclusion regarding a low equilibrium concentration is further substantiated by the fact that, to our knowledge, no pigment has been extracted from the leaf which has absorption bands which coincide with the spectral characteristics of the response. It has been shown that it is the longer wavelengths of the visible spectrum between 6000 and 7000 A which are primarily effective in causing the long-day response in long-and shortday plants (7, 9) . This implies that, unless a strong filtering action occurs, the photoactivated substance is a pigment having its strongest absorption bands in the orange-red region of the spectrum, with relatively weak bands elsewhere. If the equilibrium concentration for such a pigment were relatively high, it is unlikely that it would have escaped detection.
It is possible to explain the kinetics of photoperiodism on the basis of these two postulated relationships limiting the photochemical reaction.
Under natural conditions, in the temperate zone, plants are exposed to periods of solar irradiation in which the irradiance seldom if ever drops below 100 fc, which is well above the bend of the saturation curve. These periods of irradiation are followed by a relatively long night which may be considered as a dark period. The relative duration of the periods of irradiation and darkness in a 24-hour cycle determine the flowering responses of many plants. If The results show that: (1) the region of saturation of the photochemical reaction for most of the plants used is in the neighborhood of one footeandle, since further increases in irradiance failed to bring about corresponding increases in the photoperiodic responses; and (2) the greater the length of the dark period between irradiation cycles, the less the efficiency of the radiant energy in promoting the long-photoperiod responses, with the efficiency falling off rapidly when the dark periods were around 90 minutes or longer for spinach and Biloxi soybean. In all cases, continuous irradiation resulted in the highest efficiency.
From these results, a theory has been postulated concerning the kineties of the photoperiodic reactioni based on two relationships which appear to limit the photochemical reaction; namely, (1) the relatively slow rate of the non-photochemical reaction which forms the substance to be photoactivated; and (2) the relatively low equilibrium concentration which this substance attains during long periods of darkness.
